This paper proposed a new approach, combining root cause analysis (RCA), analytic hierarchy process (AHP), and event tree analysis (ETA) in a loop to systematically evaluate various laboratory safety prevention strategies. First, 139 fire accidents were reviewed to identify the root causes and draw out prevention strategies. Most fires were caused due to runaway reactions, operation error and equipment failure, and flammable material release. These mostly occurred in working places of no prompt fire protection. We also used AHP to evaluate the priority of these strategies and found that chemical fire prevention strategy is the most important control element, and strengthening maintenance and safety inspection intensity is the most important action. Also together with our surveys results, we proposed that equipment design is also critical for fire prevention. Therefore a technical improvement was propounded: installing fire detector, automatic sprinkler, and manual extinguisher in the lab hood as proactive fire protections. ETA was then used as a tool to evaluate laboratory fire risks. The results indicated that the total risk of a fire occurring decreases from 0.0351 to 0.0042 without/with equipment taking actions. Establishing such system can make Environment, Health and Safety (EH&S) office not only analyze and prioritize fire prevention policies more practically, but also demonstrate how effective protective equipment improvement can achieve and the probabilities of the initiating event developing into a serious accident or controlled by the existing safety system.
Introduction
Laboratory operations are dangerous that require all workers to act properly at all times. Most organizations or universities have set up an Environment, Health and Safety (EH&S) office to protect people from accidents. They draw policies, develop programs, establish training and standard operating procedures (SOPs), and enforce their compliance to meet this goal [1, 2] . Despite this, laboratory accidents still continue to occur. The most common type of accidents that occur in laboratories is fires. There have been 25 serious fires in laboratories, each of which incurred losses in excess of 13 million GBP, since 1997 [3] . Sometimes, even if a laboratory accident does not cause any fatalities, or injuries, significant property damage [4, 5] could make such events devastating, if they result in research samples and experimental models being destroyed as well as the data loss from many years of hard work. For example, a laboratory fire occurred in National Taiwan Ocean University on July 23, 2004 [6] ; while no one was injured, the loss of property was estimated to be 100,000 US dollars. But the valuable observation data obtained on the ecology of green turtles (Chelonia mydas) from 1994 to 2004 was totally destroyed. An approach based on merely established rules, regulations, and instructions 2 Mathematical Problems in Engineering in safety manuals is unsatisfactory for valuable property protection. A proactive approach with control parameters to objectively measure its success is necessary.
The causes of laboratory accidents are usually very complex. Root cause analysis (RCA) provides a structural way, with regard to a particular event, to help investigators systematically identify root causes. Chang and Lin [7] reviewed 242 accidents of storage tanks that occurred over the last 40 years and found that fire and explosion accounted for 85% of the accidents. They used fishbone diagram to demonstrate the causes and effects; there are 8 primary causes and 52 secondary causes; six (6) major corrective actions and 40 secondary actions were also developed. Safety managers can establish protocols based on this complex information to help operating engineers handling similar situations in the future. However, they also need a way to estimate the impact of each cause and human corrective action for policy making. The analytic hierarchy process (AHP), proposed by Saaty [8] , is a well-recognized multicriteria tool designed for dealing with complex decision-making problems. It models the problem into a hierarchical structure by incorporating levels: objectives (goals), criteria, subcriteria, and alternatives [9] , and then, according to expert judgments, AHP estimates the impact of the elements at each level of the hierarchy [8] [9] [10] [11] . This will help policy makers to make priority decisions. AHP has been widely applied to numerous fields for strategy planning, such as energy policy [12, 13] , intelligent building systems [14] , indicator modeling [15, 16] , fire safety engineering [17] , and evaluations of disaster carrying capacity [18] . However, the process is considered very subjective and needs a quantitative approach to objectively determine the probability of whether or not an initiating event still develops into a serious accident; most accidents are not due to a single event, but the results of many unnoticed events previously occurred. Event tree analysis (ETA) is an inductive technique intended to examine a sequence of events and their probability of occurrence. Several research works have been conducted using ETA for different applications. For instance, Novack et al. [19] used ETA to analyze accident scenarios attributed to oil spills. Abdelgawad and Fayek [20] proposed a hybrid framework based on combining failure mode and effect analysis (FMEA), fault trees, event trees, and fuzzy logic to calculate the expected monetary value of risk events in the construction industry. This method is useful as an objective decision making, where causes and effects are comprehensively taken into consideration when planning prevention actions. Many other risk management systems have also been proposed [21] [22] [23] [24] [25] [26] elsewhere to carry out operating process risk assessments in laboratories, testing grounds, and practice factories.
Although many risk assessment methods have been proposed, few investigators have performed full risk or accident analyses and concept development, especially for college laboratory accidents. In this work, a management model combining RCA, AHP, and ETA is proposed. It contains risk concept development, decision-making process, and probability evaluation of various accident scenarios; fire accidents are chosen to demonstrate the feasibility of the proposed approach. We believe that it is a more effective system-based approach than the traditional one that is prescriptive based on safety manuals. Figure 1 illustrates this methodology, which is composed of five main steps. The first is to define the type of fire and fire source based on a general description of a large number of lab fire accidents in the literature. Then, in the second step, all this information is summarized using RCA to identify the root causes of the accident and to provide feasible accident prevention strategies. The third step is to analyze the priority of these strategies using AHP. Finally, ETA is used to complete the quantitative risk analysis and to assess each control measure recommended in this work. The research methods are described as follows.
Methodology

Root Cause Analysis.
In this study, an RCA task performance team was formed consisting of one EH&S officer, one expert from the Ministry of Education Environmental Protection Division, and three college professors. Information on 139 laboratory fire accidents that occurred in Taiwan was reviewed from published reports and incident news and books [4, 6, 23] . It is important to clearly define the source of risk (what started the fire), causes of the fires (established or assumed), and consequences. The data in the references were first collected and discussed and then analyzed to identify the root causes, construct the fishbone diagram, and propose prevention strategies.
2.2.
The AHP Method. Two surveys were conducted in the second phase of AHP analysis: a general survey and an AHP survey. The general survey was to investigate the effects of current laboratory safety education/training and knowledge of the safety facility system. Two questions about laboratory safety education were used to assess the respondents' reactions to the laboratory safety education and three questions to assess their knowledge of the location, SOPs, and operating experience of the fire sprinkler system. The respondents were required to read the statements and indicate the extent of their agreement or disagreement using a five-point Likert-type, with 5 denoting "strongly agree." The questionnaires were given to the respondents via e-mail or personal visit. The AHP approach was used to assign weightings to the prevention strategies proposed in the first phase to improve laboratory fire safety and to prioritize them using a set of criteria. A decision hierarchy was first established before designing the paired comparison matrices. The AHP questionnaire was designed for data collection, and the format was developed with reference to the AHP matrix, as proposed by Saaty [8] . A total of 15 experienced respondents were selected to complete the AHP questionnaire. The demographic information revealed that all the respondents were highly experienced in different professional positions, with more than five years of work experience in laboratory safety management. When examining the consistency level of the collected questionnaires, only a consistency ratio (CR) less than 0.1 is considered acceptable. The relative importance V e r y , v e r y s t r o n g -9 E x t r e m e i m p o r t a n c e The evidence favoring one activity over another is of the highest possible order of affirmation
Reciprocals of above
If activity has one of the above nonzero numbers assigned to it when compared with activity , then has the reciprocal value when compared with A reasonable assumption Rationales Ratios arising from the scale If consistency were to be forced by obtaining numerical values to span the matrix of the criteria and subcriteria was rated using the nine-point scale proposed by Saaty [8] , as shown in Table 1 , which shows the relative importance ranging from equal, moderate, strong, and very strong to extreme by 1, 3, 5, 7, and 9, respectively. The intermediate values between two adjacent levels are represented by 2, 4, 6, and 8.
Event Tree Analysis. Event tree analysis (ETA) is an
inductive technique intended to examine a sequence of events and their probability of occurrence. In this work, an event tree starts with an initiating event, such as a component failure, and then the consequences of the event are followed through a series of possible paths. Each path is assigned a probability of occurrence, and the probabilities of the various outcomes are calculated.
Results and Discussion
Root Cause Analysis.
The task performance team reviewed one hundred and thirty-nine (139) lab fire accidents from the literature and their root causes were collated involving fire origins, causes, and prevention strategies demonstrated in Tables 2-3 and Figures 2-7 . Table 2 shows the number of fire accidents and their origins; fire accidents occurred most frequently in chemistry laboratories, at a rate of about 68.3%, or 95 cases, much more than in physical (24 cases, 17.3%) and biological (20 cases, 14.4%) laboratories. Among the 95 cases, 23 (24.2%) were caused by electrical devices, and 44 (46.3%) were at the locations of the desk, hood, and storage places, due to inflammable materials used. Chemistry laboratories, by their nature, are of primary concern with regard to fire accidents; they may be highly destructive as leading to explosion and serious threat to human life, when they occurred. The causes Table 3 . Chemical reaction and static electricity fires together account for 66% of the total cases, much more than those due to operational error (24 cases, 17%) and equipment failure (10 cases, 7%). Only one fire was caused by natural disaster the massive 921 earthquake which happened in Taiwan on September 21, 1999, with a magnitude of 7.6 on the Richter scale. Figure 2 Metal fire 8% Autoignition 8%
Gas explosion 2%
Piping restriction 2% the most. The causes of static electricity fires, as shown in Figure 3 , are mainly from short circuits (21 instances, 78%), electric wire overloading (three instances, 11%), and electrical failure (excluding short circuits and ground faults). Figure 4 indicates that the major causes of equipment failure fires were malfunctions (four instances) and overheating due to heater failure (three instances). The analysis of the 24 man-made fires shows that these accidents mainly resulted from human error rather than conscious risk taking; the main factors were negligence (14 instances), experimental mistakes, or misunderstanding the SOP (seven instances) and disobeying the safety rules. A fishbone diagram is thus developed, shown in Figure 5 , to more clearly illustrate the relationship between an "effect" and all the possible "causes." And accordingly, the accident prevention strategies, in Figure 6 , are also proposed. From above, it is clear that fire accidents have some form of human error involved, whether they are chemical experiment or electric fires. It is recommended that lab safety implementation plans must take human fallibility into consideration, including being overly optimistic about our ability to control our environments.
AHP Analysis.
AHP can model a complex problem in a simple hierarchy form for decision making. Our goal is shown at the top of Figure 9 . When we consider the factors affecting fire prevention ability, five main criteria are found at for the weighting of attributes. As discussed previously, we construct pairwise comparison matrices (main criteria and subcriteria) for each response. The judgment matrices are computed by using a commercial software package, Power Choice, to prioritize the criteria and alternatives. The local priority weights of all the main criteria and subcriteria are first calculated and then combined with all successive hierarchical levels in each matrix to obtain a global priority vector. The higher the mean weight of the global priority vector, the greater the relative importance. This will help lab safety decision makers find the most important control elements in their decision-making process. As shown in Table 6 , the local priority of the main criteria weights from the lowest of 0.132 to the highest of 0.263, and the global priority weights from the lowest of 0.012 to the highest of 0.064. Chemical fire prevention (CFP) with local priority of 0.263 is evaluated as the main factor for respondents when selecting their fire prevention strategy, followed by MEFP (0. and emergency response training (0.034) in DEL category. The weights of top 10 subcriteria are presented in Table 7 in descending order. The proposed priorities of these prevention strategies could assist EH&S officers and lab employees in selecting appropriate strategies for enhancing fire safety in laboratories. However, it is worth noting that eight of the top 10 subcriteria are either management or staff-education strategies, and only two are technology related. A general questionnaire survey of 641 respondents (all with lab operating experience) about safety knowledge and training was conducted and 573 valid samples were collected. The results are shown in Figures 7 and 8 and Tables 4 and 5. Figure 7 presents that 76.6% of the respondents were university students, 19.5% graduate school students, 2.8% senior high school students, and 1% Ph.D. students. Table 4 indicates that 66.7% of the respondents received laboratory safety training, and more than 57.6% of them felt that it was important, although 6.8% said that they felt they did not benefit from it; research showed that, even under optimal training circumstances, individual differences related to a person's intention to learn play an important role in training effectiveness. On the other hand, nearly 33.3% of the respondents did not receive the laboratory safety training, but 60% of them agreed that it was important for improving laboratory safety. The Mann-Whitney test for both types of respondents was conducted to quantify, subjectively and objectively, the effects of laboratory safety training. It revealed no significant differences ( > 0.05) in the satisfaction with the effect of safety education and perception of their safety behaviors. In terms of whether the respondents fully understood the fire dangers prevention and protection, before doing experiments, Figure 8 indicates that 27.6% of respondents thought so; most of laboratory staff replied that they realized the importance of accident prevention, but the results implied that 72.4% of the staff still perceive risks in the laboratory operations; Table 5 presents that most respondents (81.7%) knew the location of the safety protective equipment, and approximately 88.7% understood their standard operating procedures (SOPs), but only 42.2% had the experience of using the safety protective equipment. These results indicate that most training programs need improvement, especially for safety skills training curricula. Nearly 57.8% of respondents felt that there is room for improvement of their current lab safety training programs.
Event Tree Analysis.
It is well known that hood is a critical part when conducting chemical experiments. Unfortunately, there is usually no fire protection within it. Previously we have found that fire accidents occurred frequently in chemistry laboratories. Therefore, we proposed hood safety improvement as a compensation for the insufficiency of management system to improve the fire safety level, namely, installing fire prevention equipment in the hood as proactive preventions from fire accidents: fire detector, automatic sprinkler, and manual extinguisher. ETA was used to explore the feasibility of reducing the risk of fire. The probability of extinguishing a fire due to fire detectors [27] , automatic sprinklers [28] , laboratory personnel, and fire brigades [29] was set as 0.94, 0.81, 0.51, and 0.97, respectively. The damage is divided into two in this work: research data loss and equipment property damage, with range from 1 to 5 being used for the degree damage, in order to quantitatively assess the consequences of a fire. Damage to research data is considered to be the most important event, since research data from years of work is difficult to recover if it is lost, while laboratory equipment is easier to replace. Degree of damage caused by fire in a laboratory is presented in Table 8 . Figure 10 shows the event tree analysis for a fire occurring in a hood without a fire system. The ETA results indicate that when there is no fire extinguisher system in the hood, Figure 11 : Results of the ETA (for the hood with a fire system). 1  100%restorable  2  80%restorable  3  50%restorable  4  20%restorable  5  0%restorable and when the fire extinguisher system in laboratory fails, then outcomes 4 and 7 arise, and the total risk associated with a failed fire extinguisher system is 0.026 + 0.009 = 0.035. But when fire detectors and a fire extinguisher system are installed, three additional pivotal events are identified; namely, the fire detector works in the hood, the automatic sprinkler works, and the manual extinguisher works. The ETA for this case indicates that when the fire extinguisher system failure happens, as shown in Figure 11 , the possible outcomes are 6, 9, 14, and 17. The total risk for the fire extinguisher failure is 0.0042. The results indicate that the total risk of a fire occurring in hood decreases from 0.0350 to 0.0042 when actions to improve hood safety are taken. According to these results, ETA, incorporated into the proposed management model, is very useful to evaluate the probability of whether safety strategies can successfully control the fire accidents or additional design is needed.
Conclusions
A system-based management model for lab fire prevention was investigated which combines RCA, AHP, and ETA with the information of questionnaire surveys in a loop. First, the information of 139 lab fire accidents was reviewed; a
fishbone diagram was used to analyze the causes leading to accidents and prevention strategies were also developed; AHP with various levels of criteria was used to evaluate the priority of these strategies. We also found that, no matter what reasons, human error could be inevitable and it has to be considered seriously. Additional fire prevention equipment was thus proposed to be installed in the lab hood. ETA, an inductive management technique, was applied, to explore how effective these installations can achieve. The risks drop tremendously from 0.035 to 0.0042. Fire risks could largely be avoided if good engineering design is also involved in the safety management program. Combining root cause analysis (RCA), analytic hierarchy process (AHP), and event tree analysis (ETA) in a loop is able to develop and prioritize prevention strategies and more specifically evaluate whether these strategies can successfully control fire accidents or specific installation is needed.
